Transcriptional regulation of gene expression is a major mechanism used by plants to confer phenotypic plasticity, and yet compared with other eukaryotes or bacteria, little is known about the design principles. We generated an extensive catalog of nascent and steadystate transcripts in Arabidopsis thaliana seedlings using global nuclear run-on sequencing (GRO-seq), 5′GRO-seq, and RNA-seq and reanalyzed published maize data to capture characteristics of plant transcription. De novo annotation of nascent transcripts accurately mapped start sites and unstable transcripts. Examining the promoters of coding and noncoding transcripts identified comparable chromatin signatures, a conserved "TGT" core promoter motif and unreported transcription factor-binding sites. Mapping of engaged RNA polymerases showed a lack of enhancer RNAs, promoter-proximal pausing, and divergent transcription in Arabidopsis seedlings and maize, which are commonly present in yeast and humans. In contrast, Arabidopsis and maize genes accumulate RNA polymerases in proximity of the polyadenylation site, a trend that coincided with longer genes and CpG hypomethylation. Lack of promoter-proximal pausing and a higher correlation of nascent and steady-state transcripts indicate Arabidopsis may regulate transcription predominantly at the level of initiation. Our findings provide insight into plant transcription and eukaryotic gene expression as a whole.
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plant transcription | nascent transcripts | RNA polymerase pausing | 5′GRO-seq | GRO-seq G ene expression is a hallmark of life and subject to adaptation in changing environments. Steady-state transcript levels are a result of transcription initiation, elongation, and termination, followed by maturation and decay. Much has been learned about transcriptional mechanisms using yeast and animal models. In contrast, owing to technical difficulties created by plant cell extracts, there remains a large gap in knowledge in plant transcription. Plants and animals diverged more than 1.6 billion years ago. Studying plant transcription therefore not only contributes to a better understanding of the world's largest food source but also the evolution of eukaryotic gene expression.
The signals initiating transcription are ultimately integrated at the promoter. Sequence-specific transcription factors (TFs) commonly bind the proximal promoter around −150 to −50 bp upstream of the transcriptional start site (TSS) (1, 2) . At the core promoter, located approximately ±50 bp relative to the TSS, basal TFs cooperate with conserved DNA sequence motifs to orchestrate recruitment of the RNA polymerase (RNAP) (1, 3) . Transcription has been studied extensively in a number of species (1) (2) (3) but not in plant model systems. Studies focusing on promoterenriched sequences were hindered by the lack of precise TSSs (4, 5) but have improved dramatically through techniques such as paired end analysis of transcription start sites (3PEAT) (6) and cap analysis gene expression (CAGE) (7), but both methods are affected by RNA processing and transcript stability.
To comprehensively study global transcription it is essential to map all transcripts, regardless of RNA stability. Nascent RNA sequencing by global nuclear run-on sequencing (GRO-seq) (8) , precision nuclear run-on sequencing (PRO-seq) (9), or native elongating transcript sequencing (NET-seq) (10) highlighted the abundance of unstable transcripts in some eukaryotes such as yeast and mammals (11) , and yet these methods have been difficult to perform in plants. GRO-seq was recently used in maize seedlings and provided important insight into monocot transcription (12) but with limited TSS data and the omission of sarkosyl during the run-on reaction. Sarkosyl is required to block RNAP initiation, unhindered elongation, and efficient pause release (13, 14) . We thus sought to optimize traditional GRO-seq for plants using Arabidopsis as a model with the aim to make it readily available to the community.
Here, we report an adapted GRO-seq method (8) , as well as a new version of HOMER (15) , to facilitate analysis of plant nextgeneration sequencing (NGS) data. In this study, we focus on 7meG-capped transcripts as generated by RNAP II from 6-day-old Arabidopsis seedlings to identify transcripts encoding proteincoding genes, microRNAs (miRNAs), and other noncoding RNAs. De novo annotation of nascent transcripts revealed many unstable noncoding transcripts, although these transcripts were underrepresented in Arabidopsis compared with mammals. Motif analysis identified previously unreported promoter motifs and revealed comparable structures for promoters of coding and noncoding transcripts. Nascent RNA sequencing highlighted the lack of divergent transcripts and promoter-proximal pausing but prominent 3′ pausing that was also apparent in maize. Together, these data affirm distinct features of plant transcription and demonstrate remarkable diversity in the regulation of eukaryotic transcription.
Significance
Transcription is a fundamental and dynamic step in the regulation of gene expression, but the characteristics of plant transcription are poorly understood. We adapted the global nuclear run-on sequencing (GRO-seq) and 5′GRO-seq methods for plants and provide a plant version of the next-generation sequencing software HOMER (homer.ucsd.edu/homer/plants) to facilitate data analysis. Mapping nascent transcripts in Arabidopsis thaliana seedlings enabled identification of known and novel transcripts and precisely mapped their start sites, revealing distinct characteristics in plant transcription. Our modified method to map engaged RNA polymerases and nascent transcripts in primary tissues paves the way for comparative and response studies.
Results Nascent Transcript Profiles in Arabidopsis thaliana. To comprehensively characterize the general features of transcription in plants, we adapted GRO-seq and 5′GRO-seq for use with 6-day-old A. thaliana seedlings (Fig. 1A and Fig. S1 ; see SI Materials and Methods for a detailed protocol). GRO-seq captures nascent RNA independent of RNA stability, thereby providing precise maps of engaged RNAP in a strand specific manner (8); 5′GRO-seq specifically enriches for cap-protected 5′ ends, facilitating TSS mapping of nascent transcripts at single-nucleotide resolution (16) . Through enzymatic modifications, we enriched nascent transcripts produced by RNAP II (for details, see Fig. S2 ). We further profiled steady-state transcripts by conventional RNAseq for comparison with nascent transcript levels. As exemplified for the gene At4g10180, GRO-seq reads align to the full transcript including introns, 5′GRO-seq enriches for 5′ fragments of the gene, and RNA-seq maps the mature, intron-less transcript (Fig. 1B) . For our analysis, we expanded the HOMER (15) software for plants. In total, we observed active transcription covering ∼40% of the genome by GRO-seq and 28% by RNA-seq in 6-d-old Arabidopsis seedlings at 33 million reads. Although this number is in part dependent on sequencing depth (Fig. S3A) , it notably differs from humans, where ∼75% of the genome was found to be transcribed across different cell lines, with no individual line transcribing more than 57% (17) . The ratio of GRO-seq/RNA-seq coverage was 1.39 in Arabidopsis, which is significantly smaller than in humans at 1.93 (Wilcoxon P value < 0.01; Fig. 1C ), suggesting there are fewer unstable transcripts and introns in Arabidopsis.
In addition to the nuclear and mitochondrial genomes, plants contain a third densely packed chloroplast genome derived from the cyanobacterial lineage. Although we depleted chloroplasts during nuclei isolation and selected against 5′-monophosphorylated RNAs, the organelle is so abundant that a substantial number of nascent transcripts were still captured. We found ∼76% of the chloroplast as actively engaged with notable bidirectional transcription, demonstrating pervasive transcription in this organelle. This result demonstrates the potential for characterizing prokaryotic or viral polymerases using GRO-seq, even though this was not the goal of our study.
GRO-seq revealed 83% and 68% of engaged RNAPs occupy the sense strand of the Arabidopsis nuclear and chloroplast genomes, respectively. On the nuclear genome, ∼4% occupied the antisense strand of genes, and 13% mapped to unannotated regions. These numbers were significantly higher for the chloroplast genome, with 7% and 25% mapping to antisense genic and unannotated regions (Fig. 1D) . By comparison, 98% of the RNA-seq mapped to the sense strand of nuclear genes. Together, these findings suggest that nuclear RNAPs are heavily engaged on the sense strand in Arabidopsis, particularly compared with humans (8) . Indeed, expanding the annotations by 500 bp to either side increases the number of nuclear engaged RNAP to 95%, suggesting the majority of nonannotated transcription occurs directly adjacent to the annotated TSS and transcription termination site.
Notably, Arabidopsis seedlings lack significant divergent transcription as well as promoter-proximal pausing (Fig. 1E ). To more thoroughly investigate these findings, we removed promoters within 1 kb of each other to prevent signal overlap appearing as promoter antisense transcription. Replotting the Arabidopsis and maize GROseq data (14) revealed striking directionality (Fig. S3B) . It is important to note that the run-on reactions in maize were performed in the absence of sarkosyl, which blocks the initiation but not elongation of RNAP complexes (13) and strips off DNA-associated proteins such as histones (14) . The prevalence of promoter-proximal pausing can thus not be ruled out in maize. However, the apparent lack of promoter-proximal pausing in both plant species argues that transcription is predominantly regulated at the level of initiation.
To investigate the presence of enhancer RNAs in plants, we mapped intergenic open chromatin regions using published DNaseI hypersensitivity (DNase-seq) data for Arabidopsis (18) and FASCIATED EAR 4 (FEA4) ChIP-seq (19) peaks for maize (due to a lack of DNase-seq data). In total, 2,467 putative intergenic enhancers were identified in Arabidopsis and 4,665 in maize compared with 21,847 in the human lung fibroblast IMR-90 cell line. Each site was sorted based on their GRO-seq signals, and heat maps were generated for ±1 kb from the intergenic site of (19) ], and heat maps were generated ±1 kb from intergenic sites for signal from DNase-seq, GROseq, RNA-seq, H3K4me3, H3K9/27ac, and input in Arabidopsis, maize, and IMR-90 cells (8, 12, (18) (19) (20) (21) (22) (23) (24) (25) . Sites are sorted based on the total GRO-seq signal observed within 400 bp of the intergenic peak.
DNaseI chromatin accessibility. Very little GRO-seq, RNA-seq, or enhancer-associated chromatin marks (H3K9/27ac) were found in Arabidopsis and maize compared with humans, and both plants lack the distinctive bidirectional transcription common at mammalian enhancers (Fig. 1F) (8, 12, (18) (19) (20) (21) (22) (23) (24) (25) . Given these data, it appears that if plants have enhancer elements, they rarely, if at all, produce transcripts and therefore differ from mammalian enhancers. Nascent Transcript Identification. Unlike RNA-seq, which measures steady-state levels of RNA species, GRO-seq captures nascent transcripts independent of transcript stability (8, 16) . This method can be exemplified by the microRNA MIR158A ( Fig. 2A) (26) . The annotated miRNA used in previous studies is 100 bp, whereas the actual primary transcript as mapped by GRO-seq is more than 1 kb in length and initiates several hundred base pairs upstream of the current annotation (26) . Additionally, GRO-seq captures transcripts previously undetected by RNA-seq or 3PEAT (Fig. 2A) . We therefore created an unbiased atlas of Arabidopsis transcription using de novo transcript discovery based on GRO-seq expression and 5′GRO-seq to annotate the 5′ ends of each transcript. This identified 9,200 high-confidence transcripts defined by a continuous transcribed region (>10 reads GRO-seq) with a TSS defined by 5′GRO (>threefold-enriched) for 8,767 annotated protein-coding genes, 264 gene-antisense, 16 promoterantisense, 117 annotated noncoding, and 36 unannotated intergenic transcripts ( Fig. 2B and Dataset S1). Intergenic transcripts were unstable and significantly less abundant than described in human cell lines (8, 27, 28) . However, gene-antisense RNAs, which were described as modulators of gene expression (29) , are more enriched in Arabidopsis, suggesting an increase in antisense gene regulation in plants compared with humans (12, 27, 29) . Comparison of GROseq and RNA-seq transcript levels at each transcript provides an estimate of transcript stability because nascent transcripts are unaffected by degradation. Plotting the de novo transcripts with respect to their GRO-seq and RNA-seq levels revealed a range of stability for annotated protein-coding genes compared with general instability for noncoding annotated RNAs, miRNAs, promoterantisense transcripts, and unannotated noncoding transcripts (Fig.  2C) . The transcripts start sites largely agreed with those defined using 3PEAT in roots (7), but noncoding transcripts were more exclusive to 5′GRO-seq (Fig. S4) .
Comparison of RNA-seq vs. GRO-seq for exon coverage of human IMR-90 cells revealed a higher variance and lower correlation than in Arabidopsis (Arabidopsis, r 2 = 0.57; Human, r 2 = 0.32; Fig. S5A ), underlining a much tighter correlation between transcription and steady-state RNA levels in Arabidopsis. Only exons were used to avoid bias associated with differential intron length between species. Together with the absence of promoter-proximal pausing, this correlation proposes Arabidopsis transcription is more predominantly regulated at the level of transcription initiation compared with humans.
To investigate whether RNA stability was associated with biological functions, we performed gene ontology (GO) analysis of the most stable and unstable transcripts (>eightfold enriched; Dataset S2). Stable transcripts were associated with translation, photosynthesis, and metabolic functions, whereas unstable transcripts were enriched for stimulus response genes, signal transduction, and hormones. These findings are consistent with the biological theme that transcripts associated with essential processes are stable, whereas regulated genes tend to be less stable.
Differential analysis of the epigenetic landscape revealed unifying signatures at annotated protein-coding and noncoding of de novo transcripts. H3K4me3, H3K27ac, and H3K36me3 peaked in proximity to the +1 nucleosome and H3K4me2 slightly downstream (23, 25) . DNase hypersensitivity overlapped with the promoter region, and H3K4me1 and H3K36me2 increase along the body of the gene (18, 23, 25) , as expected (30, 31) (Fig. 2 E) .
Arabidopsis Promoter Structures and Identification of the TGT Core Promoter Motif. High-resolution nascent TSS data are provided by 5′GRO-seq, enabling investigation of promoter elements in a distance-specific manner. The core promoter region of the 9,200 identified Arabidopsis transcripts was remarkably GC-poor, with a strong AT enrichment around −30 bp, suggesting a predominant role of the TATA-box (Fig. 3A) . This finding contrasts with human core promoters that are ordinarily GC-rich and only slightly enriched for the TATA-box (∼10%). De novo motif analysis of initiation sites using HOMER underlined the strong prevalence of an Initiator element (Inr)-like motif (44.8%) and variations thereof (Fig. 3B) . Notably, the Arabidopsis Inr consensus sequences "TYA(+1)YYN" and "TYA(+1)GGG" differ from the traditional Inr "TCAKTY" in Drosophila (32). Our analysis further identified an "initiator" that we termed the "TGT motif" at ∼4% of Arabidopsis TSSs (Fig. 3B) . Analysis of HeLa (28) and Drosophila S2 5′GRO-seq data revealed the TGT motif to be conserved in humans and flies (Fig. 3C) . Compared with the enriched GO terms of genes associated with Inr-containing promoters, TGT-associated genes were slightly enriched for terms related to in negative regulation, chromatin organization, gene silencing, and dsRNA response (Fig. S5B) .
Sequence-specific TFs modulate gene expression and commonly bind the proximal promoter region. De novo motif analysis using HOMER highlighted a predominance of simple sequence repeats in Arabidopsis but also identified TF binding sites, two of which were unknown (Fig. 3 D and E) . The most prevalent sequence patterns were TC and CKT repeats present downstream of the TSS and simple polyA/T repeats upstream thereof. AT-rich sequences were reported to inhibit nucleosome formation and aid DNA flexibility, thereby facilitating TF recruitment (33) . The TATAbox was found in 31% of plant promoters, similar to the 29% reported previously (4). This percentage is higher than in Drosophila or humans and suggests that the −30 and +1 regions are particularly relevant in Arabidopsis core promoters. The most enriched TF motifs were the enhancer box (E-box) and TEOSINTE-BRANCHED CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP/PCF) elements, with 10.5% and 13.2%, respectively. The E-box is targeted by the basic helix-loop-helix TFs (34) , and both the E-box and TCP motif are conserved among plants (35) and critical for development, which is reflected in their prevalence in the promoters of genes regulated during seedling development. Additionally, two unidentified motifs were found that have not been reported previously in Arabidopsis (Fig. 3 D and E) . Using the Catalogue of Inferred Sequence Binding Preferences (CIS-BP) database (36), the closest but not exact match for unknown motif 1 was Sterol Uptake Control Protein 2 (UPC2) (NRWACGA), whereas unknown motif 2 matched best to Activator of Stress Genes 1 (ASG1) (WTCCGG), both belonging to the zinc cluster TF family in Saccharomyces (37). The factors binding these motifs in Arabidopsis remain to be identified. Cognate promoter motifs in TGT-or Inr-containing promoters did not differ notably with the TATA element slightly depleted and TCP/PCF elements enriched in TGT-containing promoters (Fig. S5C) .
Given our classification of coding, noncoding, and antisense transcripts, we compared the promoters from each class. Although there were some minor differences (Fig. S5D) , overall, the classes contained similar sequence motifs and general sequence composition. Transcriptional stability and transcript properties are thus unlikely to be encoded within the promoter. A simplified model for the basal Arabidopsis promoter structure at this stage of development is proposed (Fig. 3F) .
RNAP 3′ Accumulation. Although promoter-proximal pausing in Arabidopsis seedlings was not readily apparent, we noticed a sharp accumulation of RNAP adjacent to the 3′ polyadenylation site (PAS) (38) (Fig. 4A) . Analysis of published RNAP II ChIP-seq (40) also showed a clear increase in 3′ paused polymerase (Fig. 4B) , whereas the RNA-seq signal approaches zero as expected; 3′ pausing at a lesser extent was previously described (8, 39) , but a mechanism remains elusive. We found no defining chromatin marks, polyadenylation signals, or nucleotide frequency differences between paused and unpaused genes but found an association between 3′ pausing and both gene length and CpG methylation (Fig. 4 C and E) . A breakdown of genes by length revealed several distinct characteristics between the GRO-seq signal, RNA-seq signal, and amount of 3′ RNAP accumulation (Fig. 4D) . Longer genes show a higher accumulation in the GRO-seq reads compared with RNA-seq. Reanalyzing maize GRO-seq data (12) showed similar strong 3′ accumulation of nascent RNA that increased with gene length (Fig. S6A ), suggesting that the higher level of 3′ pausing for longer genes is a characteristic of plant transcription.
In addition to gene length, CpG methylation was associated with 3′ pausing. In Arabidopsis, CpG methylation was excluded from the 3′ pausing sites and promoter regions of transcribed genes, whereas CpG methylation is only excluded from the promoter region in mammalian systems (22) (Fig. 4E) . In aggregate, long genes showed an average maximum of CpG body methylation at ∼40% in the middle of the gene, which drops below 10% at their 5′ and 3′ ends. However, short genes rarely showed over 15% body methylation and drop comparatively minimally at the 3′ end, demonstrating a connection between CpG methylation and 3′ pausing. In contrast, CHG methylation exhibited a distinctly different pattern with a drop at the promoter but no decrease at the pause site, suggesting a specific exclusion of CpG methylation from the PAS in Arabidopsis. dataset did not exist in maize, we were able to reanalyze methyl-DNA immunoprecipitation (24) to show methylation is generally excluded from both the 3′ and 5′ ends of genes as seen in Arabidopsis (Fig. S6B ). These data demonstrate a connection between 3′ pausing of engaged RNAP and CpG methylation as another distinct characteristic of plant transcription.
Discussion
This study has put forward a GRO-seq method for mapping engaged RNAP at a genome-wide level in primary plant tissue. The identification of nascent transcripts and definition of TSSs revealed distinct characteristics of Arabidopsis transcription and their connection to other eukaryotic systems. The lack of divergent transcription in Arabidopsis and likely maize contrasts with the notion that eukaryotic promoters are inherently divergent (41) . Highly directional initiation of transcription was also observed in Drosophila (38) . Notably, both Arabidopsis and Drosophila display strong core promoter signatures, suggesting a prominent role for the core promoter and its motifs in mediating transcriptional directionality. Arabidopsis core promoters were enriched for distinct Inr-like motifs and the TATA-box with 80% and 30%, respectively. The strong prevalence of these motifs may be due to developmental timing. On the other hand, despite commonly containing more than one copy of the TATA-box binding protein (TBP) gene, plants lack TBP-related factors (42) . In bilateral symmetric animals, these factors were shown to support different transcription systems, enabling regulatory diversity through core promoter motif diversity (42, 43) . Arabidopsis, on the other hand, encodes two additional eukaryotic RNAPs: RNAP IV and RNAP V, which are integral to the repression of a subset of genes and transposons through RNA-directed DNA methylation (44) . These additional RNAPs may reflect a different evolutionary approach to increasing the regulatory diversity of the genome. GRO-seq identified 9,200 transcripts in 6-d-old Arabidopsis seedlings, of which only 153 were noncoding transcripts generated by RNAP II. This number is considerably less than in humans (8, 17) . Plants lack enhancer RNAs (eRNAs) but notably also the NEGATIVE ELONGATION FACTOR (NELF) involved in promoter-proximal pausing (45) . eRNAs were reported to mediate release of NELF-dependent pausing (46) . Therefore, given the absence of NELF, potential eRNAs may not have provided the same selective advantages in plants. In contrast, however, Zhu et al. (25) predicted over 10,000 plant enhancers based on chromatin signatures in leaves and flowers. Without tissue-matched GRO-seq data for these predicted enhancers or targeted disruption, it is difficult to validate their in vivo role or potential for enhancer transcription. Cell-type specific nuclei obtained using isolation of nuclei tagged in specific cell types (INTACT) (47) or nuclear-localized reporters in combination with fluorescenceactivated cell sorting may clarify these results.
Capturing nascent transcripts enabled characterization of basic features. Absence of promoter-proximal pausing, together with a high correlation between nascent and steady-state transcript levels argues that Arabidopsis transcription is predominantly regulated at the level of initiation. Li et al. (35) reported transcription to be the most regulated step in human gene regulation. In this light, transcription initiation may be the major step of gene regulation in plants.
RNAP pausing, a major regulator of transcription elongation in mammals (48) , was observed predominantly downstream of the PAS in Arabidopsis and maize. The underlying mechanism is unknown but is likely a common feature in plant transcription. Previous in vitro yeast work has proposed that increased pausing downstream of the polyA signal results in increased surveillance time for the mRNA and therefore a higher chance of degradation (39) . This idea may hold true in plants based on the higher GRO-seq signal compared with RNA-seq for longer Arabidopsis genes, which also show higher amounts of 3′ pausing compared with shorter genes. In addition, DNA methylation was shown to slow down transcription elongation (49) , and yet the exact role of gene body methylation in plants is still unclear.
In summary, we have described a method for the analysis of nascent transcripts in primary tissue and provide a high-resolution map of Arabidopsis transcripts. GRO-seq opens up avenues to study transcriptional regulation or responses to stimuli at a specific moment in time. We envision that this technical advance will facilitate a better understanding of gene regulation in plants but also eukaryotic transcription in general.
Materials and Methods
A. thaliana (Col-0) 6-d-old seedlings were grown on half Linsmaier and Skoog (LS) medium with 24 h of light at 22°C. Tissue was mechanically homogenized and nuclei purified by centrifugation. GRO-seq and 5′ GRO-seq are described detailed in SI Materials and Methods. Briefly, 5 × 10 6 nuclei were 
